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Transgenic tobaccoIt has previously been indicated that polyamines (PAs) are involved in the response to adverse environmental
stresses in various plant species. Increased cellular PA levels or exogenous PA application can reduce the accumu-
lation of reactive oxygen species (ROS) imposed by multiple abiotic stresses via increasing antioxidant enzyme
activities. In this study, a novel spermidine synthase gene, designated as EsSPDS1, was cloned and characterized
from the halophytic plant Eutrema salsugineum. Analyses of tissue-speciﬁc expression proﬁles revealed that
EsSPDS1was expressed in almost all tested organs including leaves, stems,ﬂowers, roots and siliques. The expres-
sion of EsSPDS1was obviously induced by polyethylene glycol (PEG) and high salinity treatments. Furthermore,
the EsSPDS1 transcripts rapidly accumulated upon exposure to abscisic acid (ABA) treatments, implying that this
genewas involved in ABA-mediated abiotic stress response. Transgenic tobacco plants harboring EsSPDS1 exhib-
ited enhanced drought tolerance relative to wild-type (WT) plants. These transgenic plants had lower levels of
malondialdehyde (MDA), less ion leakage (IL) and reactive oxygen species (ROS). However, relative water con-
tent (RWC) and activities of antioxidant enzymes including SOD and CAT of the transgenic plantswas remarkably
higher than those of WT plants under drought stress conditions. Collectively, our data suggested that the activa-
tion of EsSPDS1 expression in tobacco plants conferred drought tolerance, which might be attributed to enhance
the ability to scavenge ROS levels.
© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants growing in natural environment are often subjected to var-
ious abiotic stresses such as drought, high or low temperature, salin-
ity and heavy metal. Among such adverse stresses, drought is one of
the most worldwide environmental constraints of plant growth and
productivity and gradually becomes a severe threat for sustainable
agriculture (Boyer, 1982). Drought stress triggers a wide variety of
physiological responses including the accumulation of metabolites
such as abscisic acid (ABA), osmotically active compounds and the
synthesis of antioxidants (Shinozaki and Yamaguchi-Shinozaki, 2007).
Polyamines (PAs), mainly including putrescine (Put), spermidine (Spd),
and spermine (Spm), are natural compounds that existed in plants
(Hussain et al., 2011). It is well known that PAs play important roles dur-
ing cell division, fruit ripening, leaf senescence, gene transcription and
chromatin organization, as well as environmental stresses (Alcázar
et al., 2011; Wimalasekera et al., 2011; Alet et al., 2012; TavladorakiD, Superoxide dismutase; CAT,
merase chain reaction.
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hts reserved.et al., 2012). Importantly, increased PA levels has recently been found
to mitigate negative effects of drought stress on plants with enhanced
activities of antioxidant enzymes and up-regulated the expression of
stress-related genes (Wen et al., 2010; Jang et al., 2012). Thus, the PA
levels may be closely correlated with plant tolerance to adverse environ-
mental conditions.
Until now, the biosynthetic pathways of polyamines in plants
have been well established (Tavladoraki et al., 2012). The ﬁrst step
of PA biosynthesis is that Put formation is sequentially catalyzed by
arginine decarboxylase (ADC), agmatine iminohydrolase (AIH) and N
carbamoylputrescine amidohydrolase (CPA), or directly catalyzed by
ornithine decarboxylase (ODC) (Fig. 1). Subsequently, Spd and Spm
are synthesized by spermidine synthase (SPDS) and spermine synthase
(SPMS) via successive addition of aminopropyl groups to Put and Spd,
respectively. In addition, the methionine can also be used as precursor
to generate PAs, which is converted into S-adenosylmethionine (SAM)
and then decarboxylated into decarboxylated S-adenosylmethionine
(dcSAM) catalyzed by S-adenosylmethionine decarboxylase (SAMDC).
It has been shown that the accumulation of PAs is obviously induced
by drought stress in different plant species (Liu et al., 2004; Zhou and
Yu, 2010; Alcázar et al., 2011). Liu et al. (2004) reported that the levels
of Spd and Spmwere markedly elevated in leaves of a drought-tolerant
cultivar when subjected to PEG 6000 treatments. Zhou and Yu (2010)
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Fig. 1. Biosynthetic pathways of three major polyamines (putrescine, spermidine and spermine) in plants. Different enzymes involved in the PA biosynthesis were indicated:
SAMDC, S-adenosylmethioninedecarboxylase; ADC, arginine decarboxylase; AIH, agmatine iminohydrolase; CPA, N carbamoylputrescine amidohydrolase; ODC, ornithine de-
carboxylase; SPDS, spermidine synthase; SPMS, spermine synthase.
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exposure to drought stress. In Craterostigma plantagineum, drought
stress led to a remarkable augmentation of Spm (Alcázar et al., 2011).
The increased PA levels under drought stress may result mainly from
the enhanced de novo biosynthesis. Evers et al. (2010) analyzed the
transcriptomic metabolism of two potato clones (Solanum tuberosum
L.) under drought stress conditions and found that the expression of
ADC and SAMDC, encoding for PA biosynthesis, were up-regulated in
both potato clones. Do et al. (2013) reported that transcript abundance
of ODC was detected in drought-treated rice cultivars (Oryza sativa L.
ssp. indica and japonica), suggesting that the expression level of ODC1
under drought stress was linearly correlated with the tolerance of the
cultivars to drought stress. Therefore, drought stress can modulate en-
dogenous PA levels via up-regulating the expression of biosynthetic
genes in many plant species. Furthermore, a series of recent studies
have reported that the activated expression of polyamine biosynthetic
genes (ADC, ODC, SAMDC, SPDS and SPMS) from different plant species
signiﬁcantly promote the accumulation of at least one type of poly-
amines in Arabidopsis, rice, tobacco, tomato, eggplant, pea and Pyrus
communis (Hussain et al., 2011; Moschou et al., 2012; Shi et al., 2013).
Interestingly, these transgenic plantswith higher levels of PAs exhibited
improvement of plant tolerance to various abiotic stresses, such as
drought, salt, high temperature, wounding, ozone, heavy metals or oxi-
dative stresses (Wi et al., 2006;Wen et al., 2008, 2010; Jang et al., 2012).
Eutrema salsugineum is an important model plant for studying
abiotic stress (Inan et al., 2004). Recently, much work has been
made to improve abiotic stress tolerance in transgenic plants via genetic
manipulation of key genes from E. salsugineum involved in the response
to various abiotic stresses (Lv et al., 2008; Sun et al., 2013; Zhu et al.,
2014). It has been indicated that targeting biosynthetic pathways of PAs
is useful for genetic engineering abiotic stress-tolerance in plants (Wi
et al., 2006; Hussain et al., 2011; Jang et al., 2012; Moschou et al., 2012;
Shi et al., 2013). A previous study showed that a novel SPDS genewas dif-
ferentially expressed in expressed sequence tags (ESTs) library generated
from abotic stress-treated E. salsugineum plants (Taji et al., 2008), imply-
ing that this gene was involved in abiotic stress responses and tolerance.
However, therewas rare information about physiological functions of the
SPDS gene from E. salsugineum during abiotic stress.
Herein, the objective of our study is that genetic manipulation of the
PA biosynthesis enhances the ability of plant adaptation to drought
stress. A novel spermidine synthase gene, designated as EsSPDS1, was
isolated from E. salsugineum. The EsSPDS1 transcripts quickly accumu-
lated after exposure to various abiotic stresses or ABA treatments. The
overexpression of EsSPDS1 increased the tolerance to drought stress
with elevated PA content, implying that this gene could be employed
to enhance plant drought tolerance via genetic engineering.2. Materials and methods
2.1. Plant materials and stress treatments
Seeds of E. salsugineum and tobacco (Nicotiana tabacum) were
surface-sterilized with 0.1% (w/v) HgCl2 for 5 min and then washed
three times with sterile water. The sterilized seeds were plated on
Murashige and Skoog (MS) medium containing 0.8% agar and 3% su-
crose (Murashige and Skoog, 1962), and inoculated at 4 °C for 48 h
before germination. Then, these seeds were placed in a growth
chamber at 23 °C under a 16 h light and 8 h dark cycle. For PEG or
NaCl treatments, the 15-day-old E. salsugineum seedlings were trans-
ferred into MS medium containing 30% PEG 6000 or 300 mM NaCl
with different time. For treatments with ABA, the seedlings were
transferred into MS medium containing 100 μM ABA for different
time. Subsequently, the treated or untreated samples were frozen
immediately in liquid nitrogen and stored immediately at −80 °C
for extracting total RNA. In addition, 7-week-old E. salsugineum
plants were moved to a 4 °C cold room for 5 weeks to shorten the
ﬂowering time. For examining gene tissue-speciﬁc expression pro-
ﬁles, several major tissues from about 5-month-old E. salsugineum
plants including leaves, stems, ﬂowers, roots and siliques were col-
lected and stored at−80 °C before these samples were used to iso-
late total RNA.
2.2. Gene cloning and sequence analysis
Total RNA from 3-week-old E. salsugineum plants was extracted
using the TRIzol reagent (Invitrogen, USA) and then residual geno-
mic DNA contamination was eliminated by DNase I (Invitrogen,
USA). Using reverse transcriptase ReverTraAce (Takara, Japan),
500 ng total RNA was reversely transcripted into cDNA as the tem-
plate of PCR ampliﬁcation according to the manufacturer's instruc-
tions. The full-length cDNA sequence of EsSPDS1 was identiﬁed
using homology searching with the Arabidopsis SPDS1 via the Blastn
program (http://www.ncbi.nlm.nih.gov/BLASTn/). On the basis of
the nucleotide sequence of the EsSPDS1 gene, a pair of gene-speciﬁc
primers (5′-ATGAAATTGATATTTTCAAT-3′ and 5′-TCAATTGGCTTTTG
ACTCGA-3′) was designed to amplify this gene. Nucleotide sequences
were analyzed by DNAStar software. The PCR reaction condition was
as follows: 94 °C for 3 min, 36 cycles of 94 °C for 45 s, 58 °C for 45 s,
72 °C for 2 min and a ﬁnal extension at 72 °C for 5 min. In addition,
structural analysis of conserved regions was executed via the SMART
program (http://smart.embl-heidelberg.de). Theoretical molecular
weight (Mw) and isoelectric point (pI) of the EsSPDS1 proteinwere cal-
culated using the Compute pI/Mw tool on the ExPASy server (http://
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quences were carried out by the ClustalW2 program (www.ebi.ac.uk/
Tools/msa/clustalw2). Phylogenetic relationship of sequences was con-
structed by the neighbor-joining method of MEGA 4.0.
2.3. Construction of gene overexpression and generation of transgenic
plants
To generate recombinant plasmids of the EsSPDS1 overexpression,
the coding region of EsSPDS1 was ampliﬁed using PCR with a pair of
gene-speciﬁc primers containing restricted enzyme sites Xbal and Sacl,
respectively, and then cloned into pGEMT-Easy (Promega, USA) for se-
quencing. After conﬁrming integrity of the sequence, the cloned frag-
ments were digested by XbaI and SacI, which combined into a plant
transformation vector pBI121. Subsequently, the resulting construct
(pBI121::EsSPDS1) was introduced into Agrobacterium tumefaciens strain
GV3101.
The above constructed plasmids were transformed into tobacco
plants by the Agrobacterium-mediated leaf disc method and regenerat-
ed seedlings from leaf discs were veriﬁed by PCR. Seeds of transgenic
lines were selected onMS agarmedium containing 40 mg/l kanamycin.
Two independent transgenic lines (L2 and L6) and theWTplants as con-
trol were used for further experiments.
2.4. Drought stress tolerance assay
Firstly, WT and transgenic lines were cultured on MS agar medium
under a 16 h light/8 h dark cycle at 23 °C for 7 days. The seedlings
were then transplanted into soil and grew for 4 weeks. Subsequently,
the drought stress treatments were carried out. WT and transgenic
lines were subjected to withhold water irrigation for 20 days. After
20 days of water deprivation, photographs were taken. In addition,
leaves of both WT and transgenic lines were separated for measuring
RWC, IL, MDA, ROS and antioxidant enzyme activities at 20 days of
drought stress treatments.
2.5. Gene expression analyses
Total RNA was extracted from various tissues of E. salsugineum
plants using TRIzol (Invitrogen, USA). 500 ng of total RNA was
reversely transcribed into cDNA using reverse transcriptase
ReverTraAce (Takara, Japan) according to the manufacturer's in-
structions. A pair of gene-speciﬁc primers (5′-AGCGTCCCAACATA
CCCAA-3′ and 5′-TTCTTGGCGAAGGAAGGCAA-3′) was used to ampli-
fy the fragment of EsSPDS1 using real-time quantitative PCR (qRT-
PCR) and semi reverse-transcription PCR (RT-PCR). qRT-PCR analy-
ses were performed using the SYBR® Green qPCR kit (Takara,
Japan) according to the methods previously described by Zhu et al.
(2014). The actin2 gene of E. salsugineum (EsActin2) was used as in-
ternal standard (Zhou et al., 2012a). In addition, semi RT-PCR was
executed to detect using the template of cDNA from both WT and
transgenic lines and the tobacco ubiquitin gene (NtUbiquitin) was
used as internal reference (Zhou et al., 2012b). The PCR reaction con-
ditionwas as follows: 95 °C for 3min; 28 cycles of 95 °C for 30 s, 56 °C
for 30 s, 72 °C for 30 s, and 72 °C for 3 min.
2.6. Detection of chemical composition and physiological parameters
Free polyamine content of leaves in bothWT and transgenic lineswas
determined following themethoddescribed by Imai et al. (2004). The rel-
ative water content (RWC) was analyzed according to the method de-
scribed by Zhou et al. (2012b). The MDA content was performed by the
method of thiobarbituric acid (Heath and Packer, 1968). The content of
total soluble sugars was analyzed according to the previously described
method (Yadav et al., 2012). Free proline content was determined using
the method as previously described by Bates et al. (1973).2.7. Analyses of the ROS and antioxidant enzyme activities
The H2O2 content of leaves in both WT and transgenic lines was
quantiﬁed according to the method described by Mukherjee and
Choudhuri (1983). The O2− content was measured according to the
method described by Liu and Pang (2010). Furthermore, the activities
of three antioxidant enzymes, SOD and CAT, were measured by the
spectrophotometermethod as previously described by Xie et al. (2008).
3. Results
3.1. Molecular cloning and sequence analysis of the EsSPDS1 gene
A complete coding sequence of EsSPDS1 was identiﬁed in GenBank
by homologous searching with the Arabidopsis SPDS1. Based on the
cDNA sequence (GenBank accession number: XM_006415989), a pair
of gene-speciﬁc primers was designed for amplifying the EsSPDS1
gene. Sequencing and bioinformatics analyses revealed that EsSPDS1
had a 1194-bp open reading frame (ORF) encoding a protein of 397
amino acids (aa) with a predicted molecular mass of 43.524 kDa and
an isoelectric point of 5.39. The analysis of conserved domains using
the SMART program further showed that EsSPDS1 contained one con-
served polyamine biosynthesis (PABS) domain between residues 109
and 354 (Fig. 2a).
Multiple sequence alignment indicated that the EsSPDS1 shared
high similarity to the other SPDS from various different plant species:
88% sequence identity with Capsella rubella, 85% with Arabidopsis
thaliana, 77% with Olea europaea, 65% with Zea mays and 52% with
Tupaia chinensis. In addition, a phylogenetic tree was constructed
based on amino acid sequences of SPDS homologs using MEG 4.0 soft-
ware. The results revealed that EsSPDS1 was clustered in the same sub-
group of A. thaliana (Fig. 2b), suggesting that the EsSPDS1 may be
particularly functional similarity to the Arabidopsis SPDS1.
3.2. Expression patterns of EsSPDS1 in different tissues or in response to
various abiotic stresses
To monitor the tissue-speciﬁc expression patterns of EsSPDS1,
qRT-PCR was performed with total RNAs extracted from some
major organs of E. salsugineum as templates. As shown in Fig. 3a,
the transcription of EsSPDS1was detected in almost all tested organs
including leaves, stems, ﬂowers, roots and siliques, while its expres-
sion levels exhibited variation in different tissues.
The expression pattern of EsSPDS1 under different environmental
stresses was further investigated. qRT-PCR was carried out to examine
the expression levels of EsSPDS1 in 15-day-old E. salsugineum plants
subjected to treatments with PEG 6000, NaCl or ABA. After PEG 6000
treatments, the EsSPDS1 transcripts quickly accumulated at 3 h and con-
tinuously increased until 6 h after treatments, followed by an obvious
decrease after 12 h (Fig. 3b). Transcript abundance of EsSPDS1 signiﬁ-
cantly increased after NaCl treatments until 6 h followed by remarkably
reduction (Fig. 3c). In addition, rapid induction of EsSPDS1 transcripts
was observed after 3 h of ABA treatments and followed by a sharp
drop (Fig. 3d). These data indicated that the expression of EsSPDS1
was remarkably induced by various stresses including PEG 6000, NaCl
and ABA treatments.
3.3. Generation of transgenic tobacco overexpressing EsSPDS1
To study the physiological roles of the EsSPDS1 gene in response to
drought stress, we generated transgenic tobacco plants ectopically ex-
pressing EsSPDS1 under the control of CaMV35S promoter (Fig. 4a). A
total of six independent transgenic lines were selectively grown on
MS agar medium containing 40 mg/l kanamycin and conﬁrmed by
PCR using gene-speciﬁc primers to amplify the nptII gene (Fig. 4b). Fur-
thermore, semi RT-PCR was used to detect the transcriptional levels of
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Fig. 2.Multiple sequence alignment and phylogenetic analysis of EsSPDS1 and its homologs from other plant species. (a) Alignment of EsSPDS1 with other homologs and the conserved
PABS domain was underlined. Amino acids shaded in black indicate identical and similar residues, respectively. (b) A phylogenetic tree of EsSPDS1 and other plant homologs was con-
structed using the neighbor-joining method by MEGA 4.0. All protein sequences were retrieved in GenBank and sequence accession numbers were as follows: Eutrema salsugineum
(XP_006416052), Arabidopsis thaliana (NP_173794), Capsella rubella (XP_006305089), Olea europaea (ACZ73829), Zea mays (AFW65894),Medicago truncatula (XP_003613246), Prunus
mume (XP_008234722), Tupaia chinensis (XP_006145506), Eucalyptus grandis (KCW59895), Pinus sylvestris (ADQ37303), Villosiclava virens (KDB16142), Galdieria sulphuraria (XP_
005702905),Mus musculus (BAE27138), Bathycoccus prasinos (XP_007509632).
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Fig. 3. Expression analysis of EsSPDS1 in different tissues or in response to various abiotic stresses by qRT-PCR. Expression levels of EsSPDS1 in roots (RO), stems (ST), rosette leaves (RL),
ﬂowers (FL) and siliques (SI) of about 5-month-old E. salsugineum plants (a). 15-day-old E. salsugineum seedlings were treated with PEG 6000 (30%) (b), NaCl (300 mM (c), or ABA
(100 μM) (d) for different time periods (0, 3, 6, 12 and 24 h)were used to extract total RNA for qRT-PCR analysis. EsActin2was used as internal reference. Data represent means and stan-
dard errors (SE) of three biological replicates and asterisks indicate signiﬁcant differences between WT and transgenic lines using a Student's t test (P b0.05).
23C. Zhou et al. / South African Journal of Botany 96 (2015) 19–28EsSPDS1 in these independent transgenic lines. Among, two transgenic
lines (L2 and L6) exhibited much higher expression than the other
(Fig. 3c). The two transgenic lines (L2 and L6) were used for drought-
tolerance assays.
3.4. Overexpression of EsSPDS1 altered polyamine contents in transgenic
plants
A variety of previous studies have indicated that the spermdine syn-
thase plays important roles in the PA biosynthesis in plants (Imai et al.,
2004; Wen et al., 2008, 2010). In the present study, the construct har-
boring the EsSPDS1 gene was introduced into tobacco plants. To exam-
ine whether ectopic overexpression of EsSPDS1 would promote the PA
biosynthesis, the free PA content was measured in transgenic plants
by HPLC. Our data revealed that free PA content was apparently modi-
ﬁed in two EsSPDS1-overexpressing lines (L2 and L6) compared withLB Pro35s NPT II Nos-ter Pro35s
pBI121::EsSPD
1      2      3      4      5     6   WT
b
a
EsSPDS
NtUbiquit
c
Fig. 4.Molecular analysis and identiﬁcation of EsSPDS1-overexpressing tobacco plants. (a) A sch
was placed under control of the CaMV35S promoter. The nptII gene encodes neomycin phospho
in WT and EsSPDS1-overexpressing lines. L1, L2, L3, L4, L5, and L6 represent different transgenthe WT plants. As shown in Fig. 5, the content of Spd of L2 and L6 was
increased by27% and 20% comparedwithWTplants, respectively. In ad-
dition, the Spm level was signiﬁcantly difference between WT and the
transgenic lines. The Spm content of L2 and L6 was increased by 30%
and 23% compared with WT plants, respectively. The similar result
was also observed in the Put level. The put content of L2 and L6 was
much higher than those of WT plants.
3.5. Overexpression of EsSPDS1 enhances tolerance of transgenic plants to
drought stress
To further study whether overexpression of EsSPDS1 could enhance
plant drought tolerance, theWT and transgenic lines were subjected to
drought stress treatments. As shown in Fig. 6a, the two transgenic lines
(L2 and L6) exhibited similar phenotypes with theWT plants and there
was no obvious phenotypic difference between the WT and transgenicRBEsSPDS1 Nos-ter
XbaI SacI
S1
WT     1       2       3        4       5       6  
1
in
ematic diagram of PBI121::EsSPDS1 constructs. The complete coding sequence of EsSPDS1
transferase, which confers plant resistance to kanamycin. (b) PCR analysis of the nptII gene
ic lines. (c) Expression levels of EsSPDS1 in different transgenic lines.
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Fig. 5. Free polyamine content in leaves of WT and EsSPDS1-overexpressing lines (L2 and
L6) was measured by HPLC. Put, putrescine; Spd, spermidine; Spm, spermine. Bars repre-
sent the mean ± SE of three biological experiments and asterisks indicate signiﬁcant dif-
ferences of the polyamines content between WT and transgenic lines using a Student's t
test (P b 0.05).
24 C. Zhou et al. / South African Journal of Botany 96 (2015) 19–28lines under normal conditions. However, the phenotypic difference be-
tween WT and transgenic lines was broadly apparent when withhold-
ing water irrigation for 20 days. The WT plants displayed severe
yellow and withering leaves, while the transgenic lines (L2 and L6)
had better growth and more green leaves than the WT plants under
drought stress conditions. In addition, the RWC of leaves from WT and
transgenic lines was further examined. The results showed that loss of
water in the leaves of two transgenic lines (L2 and L6) was signiﬁcantly
lower in comparison with theWT plants when suffered from 20 days of
drought stress treatments (Fig. 6b).WT L2 L6
Before drought
After 20 days 
of drought stress
a
Fig. 6. Overexpression of EsSPDS1 enhances drought tolerance with increased relative water con
and well-watered under a 16 h light/8 h dark cycle at 23 °C for 4 weeks. Then these plants were
were taken. (b) 5-week-old tobacco plantswere deprived ofwater irrigation for 20 days. Leaves
sure RWC. Bars represent the mean ± SE of three biological experiments and different letters d
drought stress using a Dunnett test (P b 0.05). BD, before drought stress treatment; AD, after d3.6. Transgenic plants exhibited better physiological status than WT plants
under drought stress
In our experiments, the contents of total soluble sugar and proline
were determined in leaves of both WT and transgenic lines at 20 days
of drought stress treatments (Fig. 7a and b). Under normal conditions,
either the content of soluble sugar or proline in theWTplant was nearly
the same as those in transgenic lines. Under drought stress conditions,
both the WT plants and transgenic lines exhibited a substantial incre-
ment of total soluble sugar and proline. However, the transgenic lines
displayed their accumulation that was much higher than those of the
WT plants.
In addition, ion leakage (IL), an important indicator of physical
damage to cell membranes, was remarkably lesser in the leaves of
WT plants than those in L2 and L6 (Fig. 7c). Moreover, the content
of malonaldehyde (MDA), a secondary end product of the oxidation
of polyunsaturated fatty acids, was also measured in these plants.
As shown in Fig. 7d, the MDA alteration displayed a similar tendency
to the IL. Our data revealed that the MDA content of WT plants was
markedly higher than those of the transgenic lines upon exposure to
drought stress, while invisible difference was observed under normal
conditions. Taken all the data together, these physiological parameters
demonstrated that the transgenic lines exhibited improved the toler-
ance to drought stress relative to the WT plants.
3.7. Overexpression of EsSPDS1 increases the antioxidant enzymes activities
with reduction of the ROS accumulation
Previous studies have indicated that the level of IL andMDA is asso-
ciated with the extent of injury in cells and tissues to oxidation stress
imposed by abiotic stresses (Yadav et al., 2012; Zhou et al., 2012b). In0
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Fig. 7.Measurement of total soluble sugar, proline, IL and MDA in WT and EsSPDS1-overexpressing lines (L2 and L6). The 7-day-old WT and transgenic lines were cultured and well-
watered in soil under a 16 h light/8 h dark cycle at 23 °C for 4 weeks, and these plants were then deprived of water for 20 days. Leaves fromWT and transgenic lines under well-watered
or drought stress were used to detect total soluble sugar (a), proline (b), IL (c) and MDA (d). Bars represent the mean ± SE of three biological experiments and different letters denote
signiﬁcant differences betweenWT and each transgenic line under well-watered or drought stress using a Dunnett test (P b 0.05). BD, before drought stress treatment; AD, after drought
stress treatment.
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mechanisms to alleviate the damages of oxidative stress. In this work,
the level of IL and MDA in the transgenic lines (L2 and L6) was shown
to be much lower than those in theWT plants, implying that the trans-
genic liens likely suffered from less membrane damage and lipida
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26 C. Zhou et al. / South African Journal of Botany 96 (2015) 19–28however there was no discernible discrepancy between the WT and
transgenic lines under normal conditions. Therefore, overexpression of
EsSPDS1 enhanced the ability of transgenic plants to eliminate the accu-
mulation of ROS.
Reduction of the ROS levels in the transgenic plants might be at-
tributed to increasing antioxidant enzyme activities. It has been doc-
umented that the increased PA levels can improve abiotic stress
tolerance with enhanced the antioxidant enzyme activities in plants.
Thus, it was postulated that overexpression of EsSPDS1 promoted the
PA biosynthesis and subsequently brought out improving the antiox-
idant enzyme activities for reducing the ROS levels in plants. In the
present study, the activities of SOD and CAT were measured in the
leaves of both the WT and transgenic lines before and after drought
stress treatments. After 20 days of drought stress treatments, the
SOD and CAT in the transgenic lines was found obviously higher
than those in the WT plants, while the antioxidant enzyme activities
were no signiﬁcant difference between the WT and transgenic lines
before drought stress treatments (Fig. 8c and d).
4. Discussion
Drought stress is one of severe environmental factors that affect
plant growth and lead to large devastation on agricultural production
worldwide (Boyer, 1982). When encountered with adverse environ-
ment, plants have evolved a variety of strategies to adapt the stresses
by means of morphological, physiological, and biochemical responses
(Xiong et al., 2002). Drought stress often elicits oxidative stress re-
sponse by reactive oxygen species (ROS) including superoxide anion
( O2), hydroxyl radical ( OH), perhydroxyl radical (HO2 ) and hydrogen
peroxide (H2O2) (Gill and Tuteja, 2010), which cause peroxidation of
cellular macromolecules including proteins, lipids, carbohydrates and
nucleic acids. Meanwhile, the antioxidant systems can be triggered for
mitigating accumulation of ROS by synthesizing awide range of natural-
ly secondarymetabolites in plants (Wen et al., 2010). Among these me-
tabolites, polyamines (PAs), such as Put, Spd, and Spm, have been
deﬁned as naturally occurring compounds that play essential roles in a
series of processes of plant growth and development, and the interac-
tion between plants and their environments (Alcázar et al., 2011; Alet
et al., 2012; Tavladoraki et al., 2012). Recently, it has been shown that
modulation of the PA levels can enhance the tolerance of plants to var-
ious stresses (Wen et al., 2008, 2010; Jang et al., 2012). Many attempts
have also beenmade to increase the PA levels for ameliorating the dam-
ages imposed by different environmental stresses in plants. The present
study indicated that EsSPDS1was involved in the biosynthetic pathways
of PAs and played important roles during drought stress response.
4.1. EsSPDS1, encoding a putative spermidine synthase, is involved in path-
ways of abiotic stress responses
In this work, the EsSPDS1 gene was isolated and characterized from
E. salsugineum. EsSPDS1 shared a high sequence similarity with other
SPDS homologs from Hordeum vulgar, O. sativa, and Z. mays. Amino
acid sequence analysis revealed that EsSPDS1 possessed one putative
PABS domain, which was found in all SPDS members. In addition, phy-
logenetic analysis indicated that the EsSPDS1 had a close evolutionary
relationship with other plant SPDS homologs that might be essential
for synthesizing the PAs based on the evolutionary timescale. These
data allowed us to postulate that the EsSPDS1 was a potential
spermidine synthase gene.
Analyses of expression pattern revealed that EsSPDS1was expressed
in almost all tested tissues, including leaves, stems,ﬂowers, roots and si-
liques, which indicated that EsSPDS1may play a certain role during the
growth and development of E. salsugineum. In this study, there was no
signiﬁcant difference of phenotypic characterizations between the WT
and transgenic lines under normal conditions, while the transgenic
lines exhibited higher expression levels of EsSPDS1 with increased PAlevels. Thus, the activation of EsSPDS1 expression did not interfere
with normal growth and development in transgenic plants. Consistent-
ly, the transgenic plants overexpressing SPDS shared similar phenotypes
with the WT plants under normal conditions (Kasukabe et al., 2004;
Wen et al., 2010).
Various abiotic stresses have been found to induce the accumulation
of polyamines in many plant species (Alcázar et al., 2011; Alet et al.,
2012). The observation may be attributed to the increased expression
of genes responsible for the biosynthesis of PAs. In Arabidopsis, the ex-
pression of some important genes (ADC, SAMDC and SPDS, etc.),
encoding enzymes involved in polyamine biosynthetic pathways, was
signiﬁcantly up-regulated by multiple abiotic stresses, such as salt,
drought, and cold (Alcázar et al., 2011). Previous studies have reported
that the ADC gene from Prunus persica or Poncirus trifoliatewas also ob-
viously induced by abiotic stresses (Liu et al., 2009; Wang et al., 2011).
All these data suggested that there may be close connections between
the accumulation of polyamines and abiotic stress. In this study, the ex-
pression of EsSPDS1 was signiﬁcantly induced by treatments with PEG
6000 and high salinity. In addition, its transcription level was also rapid-
ly up-regulated by ABA treatments. It is well known that ABA plays a
vital role in the regulation of plant acclimation or adaptation to adverse
environmental stresses (Mehrotra et al., 2014). Therefore, EsSPDS1may
be involved in the ABA-mediated abiotic stress response and tolerance.
4.2. EsSPDS1 confers tolerance of transgenic plants to drought stress with
altering polyamines levels
Recently, much effort has been made to improve the tolerance of
plants to various abiotic stresses via application of exogenous PAs or in-
creased PA synthesis (Wen et al., 2010; Jang et al., 2012). Exogenous PAs
has been shown to improve the tolerance to various abiotic stresses in
cucumber or Arabidopsis (Li et al., 2013; Sagor et al., 2013). The in-
creased endogenous PA levels can signiﬁcantly enhance the tolerance
to abiotic stresses via overexpression of key genes responsible for the
PA biosynthesis. Kasukabe et al. (2004) reported that overexpression
of the FSPD1, encoding spermidine synthase from Cucurbita ﬁcifolia, en-
hances the tolerance of transgenic Arabidopsis plants to salt and drought
stress. Overexpression of the apple spermidine synthase geneMdSPDS1
confers multiple abiotic stress tolerance in transgenic pear by altering
polyamine titers (Wen et al., 2008).
In this study, the EsSPDS1-overexpressing lines exhibited enhanced
the tolerance to drought stress. Moreover, HPLC analyses showed that
the PA levels were visibly higher in the two transgenic lines (L2 and
L6) than the WT plants. These data implied that high PA content in
these transgenic lines enhanced the ability of plants to withstand
drought stress, which were consistent with previous studies about the
SPDS genes conferring the tolerance to abiotic stresses. Interestingly,
the PAs have been shown to involve in the regulation of stomatal clo-
sure to control water loss in plants (Toumi et al., 2010; Wimalasekera
et al., 2011; Shi et al., 2013). Our results revealed that it was no pro-
nounced difference of the RWC in leaves betweenWT and the transgen-
ic lines under normal conditions; nevertheless, it was distinctly higher
in the transgenic lines compared with the WT plants under drought
stress conditions, suggesting that overexpression of EsSPDS1 improved
drought tolerance in transgenic tobacco via reduction of water loss.
4.3. Overexpression of EsSPDS1 confers an efﬁcient ROS scavenging system
in transgenic plants
The contents of total soluble sugar and proline were taken as impor-
tant physiological and biochemical indicators of abiotic stresses in
plants (Yadav et al., 2012). Previous studies have indicated that stress-
induced accumulation of total soluble sugar and proline is correlated
with the tolerance to various abiotic stresses in plants (Irigoyen et al.,
2006; Watanabe et al., 2000; Yadav et al., 2012). In the present study,
our data showed that EsSPDS1-overexpressing lines exhibited more
27C. Zhou et al. / South African Journal of Botany 96 (2015) 19–28the contents of total soluble sugar and proline than the WT plants. In-
creased accumulation of total soluble sugar was useful for transgenic
plants to adapt drought stress via modulation of osmoregulation and
functioned as molecular chaperones that stabilize protein structure. In
a similar way, the enhanced accumulation of proline might confer a
better buffering capacity of transgenic plants under drought stress
conditions.
It has been well documented that abiotic stresses rapidly induce ex-
cessive ROS accumulation, which results in damages of cell membrane,
DNA, and other cellular structures by oxidizing DNA, RNA, lipids and
proteins (Wang et al., 2003; Gill and Tuteja, 2010). In our experiments,
it was found that the transgenic lines had lower levels of IL and MDA,
which are important stress indicators of membrane injury under vari-
ous stresses, than the WT plants under drought stress, but not under
normal conditions. Furthermore, the content of H2O2 and O2- weremea-
sured in leaves fromWT and the transgenic lines. The results revealed
that the EsSPDS1-overexpressing lines accumulated less ROS levels
than theWT plants under drought stress conditions, implying a reduced
potential for oxidative injury imposed by drought stress.
It has previously been indicated that a delicate balance between re-
active oxygen species generation and redox homeostasis was main-
tained by a particularly complex ROS-scavenging system (Asada,
1999). In higher plants, the ROS detoxiﬁcation can be achieved by a
wide range of ROS-scavenging enzymes like SOD, CAT, POD and GPX
or non-enzymatic antioxidants like ascorbic acids (AsA) and glutathione
(GSH). Wen et al. (2008) reported that overexpression of the apple
spermidine synthase gene (MdSPDS1) in transgenic pear enhanced
heavy metal tolerance with increased antioxidant enzyme activities,
suggesting that the elevated PA levels could improve the antioxidant
enzyme activities in plants. In this work, the activities of antioxidant en-
zymes including SOD and CATwere remarkably higher in the transgenic
lines than WT plants under drought stress conditions. These results
demonstrated that overexpression of EsSPDS1was sufﬁcient to activate
the antioxidant systems and mitigated ROS-mediated injury in trans-
genic plants under drought stress conditions.
In conclusion, the EsSPDS1 genewas ﬁrstly cloned and characterized
from E. salsugineum. The transcription of EsSPDS1 was detected in al-
most all major tissues and was rapidly induced by PEG 6000, NaCl or
ABA treatments. Furthermore, the EsSPDS1-overexpressing lines exhib-
ited lower levels of IL, MDA and ROS than the WT plants. Therefore,
overexpression of EsSPDS1 conferred drought tolerance by alleviating
oxidative damages and membrane injury with enhanced the antioxi-
dant enzyme activities. Our results provided important evidence about
the physiological roles of EsSPDS1 in plants and indicated that this
gene was a potential candidate gene for developing drought-tolerant
plants by genetic manipulation.
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